It has been proposed that motor imagery contains an element of sensory experiences (kinesthetic sensations), which is a substitute for the sensory feedback that would normally arise from the overt action. No evidence has been provided about whether kinesthetic sensation is centrally simulated during motor imagery. We psychophysically tested whether motor imagery of palmar flexion or dorsiflexion of the right wrist would influence the sensation of illusory palmar flexion elicited by tendon vibration. We also tested whether motor imagery of wrist movement shared the same neural substrates involving the illusory sensation elicited by the peripheral stimuli.
It has been proposed that motor imagery contains an element of sensory experiences (kinesthetic sensations), which is a substitute for the sensory feedback that would normally arise from the overt action. No evidence has been provided about whether kinesthetic sensation is centrally simulated during motor imagery. We psychophysically tested whether motor imagery of palmar flexion or dorsiflexion of the right wrist would influence the sensation of illusory palmar flexion elicited by tendon vibration. We also tested whether motor imagery of wrist movement shared the same neural substrates involving the illusory sensation elicited by the peripheral stimuli.
Regional cerebral blood flow was measured with H 2
15
O and positron emission tomography in 10 right-handed subjects. The right tendon of the wrist extensor was vibrated at 83 Hz ("illusion") or at 12.5 Hz with no illusion ("vibration"). Subjects imagined doing wrist movements of alternating palmar and dorsiflexion at the same speed with the experienced illusory movements ("imagery"). A "rest" condition with eyes closed was included. We identified common active fields between the contrasts of imagery versus rest and illusion versus vibration.
Motor imagery of palmar flexion psychophysically enhanced the experienced illusory angles of plamar flexion, whereas dorsiflexion imagery reduced it in the absence of overt movement. Motor imagery and the illusory sensation commonly activated the contralateral cingulate motor areas, supplementary motor area, dorsal premotor cortex, and ipsilateral cerebellum. We conclude that kinesthetic sensation associated with imagined movement is internally simulated during motor imagery by recruiting multiple motor areas.
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Many studies have shown that cortical motor areas, parietal cortices, and the cerebellum, which are normally engaged in the actual execution of movements (Ehrsson et al., 2000) , are the main neural substrates for various types of motor imagery (Roland et al., 1980; Decety et al., 1990; Stephan et al., 1995; Porro et al., 1996; Roth et al., 1996; Sirigu et al., 1996; Jueptner et al., 1997; Luft et al., 1998; Lotze et al., 1999; Binkofski et al., 2000; Gerardin et al., 2000; Thobois et al., 2000) . Therefore, motor imagery is generally considered to be a neural process of mental rehearsal (simulation) of movement, including motor planning.
It is empirically known that many people can experience vivid motor imagery, mostly involving a kinesthetic representation of actions (Feltz and Landers, 1983; Mahoney and Avener, 1987; Jeannerod, 1994) . It has been proposed that motor imagery may contain an element of sensory experiences (kinesthetic sensations), which are a substitute for the sensory feedback that would normally arise from an overt action by accessing memories of previous enactments (Annett, 1996) . However, no evidence has been provided about whether such sensory experiences are centrally simulated during motor imagery. It is hypothesized that subjects internally simulate kinesthetic sensation associated with imagined movement during motor imagery.
To test this hypothesis, an illusory limb movement could be used to evaluate the component of kinesthetic sensation during motor imagery of the same limb movement, because subjects experience movement sensation during illusion, and the sensation is passively elicited by peripheral vibration stimuli without any mental simulation (Goodwin et al., 1972a,b; Craske, 1977; Naito et al., 1999; Naito and Ehrsson, 2001) . At first, we psychophysically evaluated the effect of motor imagery, during which subjects imagined doing palmar flexion or dorsiflexion of the right wrist, on the illusory palmar flexion of the wrist; we expect that motor imagery directionally influences illusory experiences.
If so, some brain regions involving the motor imagery of wrist movements would be commonly shared by the illusory wrist movement. We can assume that these common regions would be motor-related areas and that they would most probably engage internal simulation of kinesthetic sensation during motor imagery, because the supplementary motor area (SMA), cingulate motor area (CMA), dorsal premotor cortex (PMD) (Roland et al., 1980; Stephan et al., 1995; Lotze et al., 1999; Binkofski et al., 2000; Gerardin et al., 2000; Thobois et al., 2000) , and primary sensorimotor cortices (SM1) (Porro et al., 1996; Roth et al., 1996; Gerardin et al., 2000; Thobois et al., 2000) , of which involvement in motor imagery has been shown, are significantly active when subjects experience illusory sensation of limb movements (Naito et al., 1999; Naito and Ehrsson, 2001 ). In addition, kinesthetic illusory wrist movement activated these motor areas that are active during actual wrist movements (Naito and Ehrsson, 2001 ). We used both motor imagery and kinesthetic illusion of right wrist movements and measured regional cerebral blood flow (rCBF) with positron emission tomography (PET).
MATERIALS AND METHODS
The study was approved by the Ethics Committee of Fukui Medical University and was performed according to the principles and guidelines of the Declaration of Helsinki, 1975 . All subjects gave their written informed consent.
Psychophysical experiment
Evaluation of subject's motor imager y abilit y. The subjects were 19 healthy right-handed men, age 18 -22 years. Before the experiment, we used the controllability of motor imagery (C M I) test to evaluate their ability to regenerate and manipulate the imagined postures of their body parts in response to verbal instructions for movement of sequential body parts (arm, leg, torso, head) (Naito, 1994) . The C M I test is composed of 15 sets of trials. One trial consists of six consecutive instructions. With eyes closed, subjects are required to imagine that they are moving their body parts according to the verbal instructions. When they imagine, no actual movement is permitted. Each instruction is given every 3 sec. Starting from the basic posture (instruction 1), subjects move only one body part per instruction. Immediately after six instructions are completed, subjects have to show the final posture that they have in their mind by actually performing it. The experimenter can give a score only when entire body configuration is correct, and hence the f ull score after all questions is 15. The validity and reliability of this test were caref ully evaluated by Nishida et al. (1986) . As shown by Nishida et al. (1986) and Naito (1994) , gymnasts and subjects doing sports (football, volleyball, etc.) , who are generally good at imagining their body parts, showed higher scores when compared with subjects who did not do any sport.
Angle evaluation task. The subjects lay comfortably on a bed in a supine position, with their eyes closed and the right forearm resting horizontally on the bed. The right wrist protruded from the bed and hung freely without touching anything (Fig. 1a) . The wrist was completely relaxed throughout the experiment. The mean angle of natural palmar flexion was 45°during relaxation (see Fig. 1a, ang) . We first tested the accuracy with which the subjects could evaluate and regenerate passively flexed wrist angles. From the relaxed position, the wrist was passively flexed palmarly toward the tested angles and passively returned to the original position. The tested angles ranged from 5 to 25°, with increments of 2.5° ( C lark et al., 1985) . Immediately afterward, the subjects were required to replicate the perceived flexed angles as precisely as possible by voluntarily flexing the wrist. We measured the wrist angles from the original position with the aid of two small bars attached laterally to the surface of the skin over the wrist. The angle of these bars was read on a transparent protractor, which was placed adjacent to the wrist (Fig. 1a) (K itada et al., 2002 ). The order of tested angles was randomized, and each subject performed 12 trials. Although the subjects tended to underestimate the passively flexed angles, there was a significant correlation between the tested angles and the performed angles (Fig. 1b) .
E xamination of the motor imager y effect on k inesthetic sensation. The right wrist was stimulated with a vibrator (Sasuri-Vib EV258-A, Matsushita Electronics, Osaka, Japan) at 83 Hz with an amplitude of ϳ2 mm. The vibration site, ϳ1 cm 2 , was marked on the surface of the skin over the wrist extensor tendons. The experimenter vibrated the site as precisely and constantly as possible with slight pressure on it. The duration of vibration was 55.0 sec, and there was a pretest period of 5.0 sec before the vibration. The 55.0 sec were divided into three periods: 15.0 sec (5.0 -20.0 sec), 25.0 sec (20.0 -45.0 sec), and 15.0 sec (45.0 -60.0 sec) (see Fig. 2a ). The subjects were informed verbally of the onset of each period. In a control condition, subjects received vibratory stimuli eliciting illusory wrist movements without any motor imagery. The subjects had to recall the maximum illusory wrist angle experienced for each of the three vibration periods. The subjects said "start" when they felt an illusory movement of the wrist begin and "stop" when the sense of movement disappeared. The start time and duration of the illusion were calculated from these responses. After the vibration, the subjects reported three illusory angles corresponding to each vibration period by actually moving the right wrist. In an imagery condition, the experimental setup was identical to that of the control condition, except that in the second vibration period the subjects had to imagine a slow movement of palmar flexion or dorsiflexion of the right wrist. Each condition was repeated five times in random order. No overt movements appeared during imagery. Analysis was done using the general linear model as implemented in the statistical software package SPSS (Version 10.0J, SPSS Japan Inc., Tokyo Japan).
PET experiment
Selection and training of subjects for the PET e xperiment. We selected 10 healthy right-handed men from another group, age 20 -25 years, who experienced strong illusory palmar flexion with early onset (mean onset, 1.5 sec; mean illusory angle, 15°) and perceived no illusion when the right wrist was stimulated with a vibrator (Tanton EV258-A, Matsushita Electronics) at 12.5 Hz with an amplitude of 6 mm. The subjects also had a high ability to control their imaginary body parts (C M I score Ͼ7). The subjects were trained to imagine slow wrist movements of alternating palmar flexion and dorsiflexion without producing any electromyogram . a, The wrist was completely relaxed throughout the experiment and hung freely. We measured the wrist angles from the original position (represented by ang) with the aid of two small bars attached laterally to the surface of the skin over the wrist. In the psychophysical experiment, the subjects imagined palmar flexion or dorsiflexion of their right wrist during kinesthetic illusion of palmar flexion of the wrist (arrows). During PET scanning, the subjects passively felt illusory palmar flexion (illusion). The subjects imagined alternating continuous palmar and dorsiflexion (imagery). After each trial or scanning, the subjects replicated the experienced maximum angles of illusion by actually flexing their right wrist, and thus we could measure the angle of the illusory wrist flexion. b, Data points (filled circles) represent the number of trials performed at each angle tested. There is a significant correlation between perceived angles of the passively flexed wrist (Tested angles) and angles regenerated from them by voluntarily flexing the subject's own wrist (Performed angles).
(EMG) activity. The training was done ϳ2 weeks before the PET experiment.
EMG recording. The EMG was recorded from the surface of the skin over the wrist extensor represented by the extensor carpi ulnaris and wrist flexor (flexor carpi ulnaris) muscles. Electrodes were placed over the belly of the extensor and flexor muscles, and the EMG was sampled at 1 kHz. A high-cut filter was set at 3 kHz and a low-cut filter at 1.5 Hz. EMG recording began ϳ30 sec before bolus injection of a radioactive tracer (control period). The integrated EMG was calculated for each scanning period (90 sec) and each control period. The integrated EMG value for the scanning period was divided by the value for the control period, and mean values were calculated from 30 trials for each PET condition.
Task s. The experimental setup for PET was almost identical to that of the psychophysical experiment. The subject's head was fixed to the scanner bed with a headband, and eyes were covered and ears plugged. Each subject had 12 PET scans. The task consisted of four conditions, with three repetitions each. The task started just before the bolus injection of the radioactive tracer. The subjects were not allowed to say start or stop in the PET experiment and were encouraged to think of nothing in particular and not to move any body part. The order of conditions was balanced and randomized. The four conditions were "rest," "vibration," "illusion," and "imagery." For the rest condition, the subjects were instructed to relax completely. The vibrator was turned on to balance the humming of the vibrator across conditions but did not touch the subject's skin. For the vibration (12.5 Hz) and illusion (83 Hz) conditions, the subjects were instructed to focus their attention on the feeling coming from the right wrist and reminded of the requirement to report the angular velocities and maximum angles of any illusory movements. After each scan, subjects were asked whether they experienced illusory movements. After each illusion scan, the subjects were requested to replicate the illusory movement by actually moving the right wrist at the averaged illusory speed. The maximum angles and its movement time were measured to estimate the angular velocity (maximum angles divided by its movement times). For the imagery condition, the subjects were required to imagine doing continuous alternating palmar flexion and dorsiflexion of the right wrist at the same speed as experienced in illusion without producing any EMG activity. The subjects were clearly instructed to mentally rehearse the wrist movements. The imagery condition always followed the illusion condition. After each illusion scan, as training, the subjects actually executed alternating palmar flexion and dorsiflexion of the right wrist at the same speed as the illusory movements by voluntary moving the right wrist. After this, they were also trained to imagine these movements without generating EMG activities.
PET scans. The PET scans were performed with a GE Advance tomograph (General Electric, Milwaukee, W I) with the interslice septa retracted (Sadato et al., 1997) . The physical characteristics of this scanner have been described in detail elsewhere (De Grado et al., 1994; Lewellen et al., 1996) . This scanner acquires 35 slices with an interslice spacing of 4.25 mm. In the three-dimensional mode, the scanner acquires oblique sinograms with a maximum cross-coincidence of Ϯ11 rings. A 10 min transmission scan with two rotating 68 Ge/ 68 Ga sources was performed for attenuation correction. CBF images were obtained by summing the activity during the 60 sec period after the first detection of an increase in cerebral radioactivity after an intravenous bolus injection of 8 mCi of 15 O-labeled water (Sadato et al., 1997) . The images were reconstructed with the K inahan -Rogers reconstruction algorithm (K inahan and Rogers, 1989) . Hanning filters were used, giving transaxial and axial resolutions of 6 and 10 mm [f ull-width at half-maximum (F W HM)], respectively. The field of view and pixel size of the reconstructed images were 256 and 2 mm, respectively. No arterial blood sampling was performed, and thus the images collected were those of tissue activity. Tissue activity recorded by this method is almost linearly related to rCBF (Fox et al., 1984; Fox and Mintun, 1989) .
Magnetic resonance imaging
For anatomical reference, a high-resolution whole-brain magnetic resonance image for each subject was obtained separately, using a standard 1.5 Tesla magnetic resonance (MR) system (Horizon, General Electric). A regular head coil and a conventional T1-weighted, Fast Spoiled-Grass volume sequence with a flip angle of 30°, echo time of 5 msec, repetition time of 33 msec, and field of view of 24 ϫ 24 cm were used. A total of 124 transaxial images were obtained. The matrix size was 256 ϫ 256, slice thickness was 1.5 mm, and pixel size was 0.937 ϫ 0.937 mm. Each high-resolution image was normalized to the template T1-weighted image that was already fitted to the standard stereotaxic space (Talairach and Tournoux, 1988) . Because the cerebellar region is not well described in the Talairach's atlas, the anatomical localization of the activated areas in the cerebellum was performed using high-resolution magnetic resonance imaging (MRI) of the subjects of this study, according to Schmah- (1999, 2000) . We used the definitions of the f unctional areas (PMD, SM A, and C M A) in the cortical motor system, as defined by Roland and Z illes (1996) .
Analysis of CBF data
The data on CBF were analyzed with statistical parametric mapping (SPM99, Wellcome Department of Cognitive Neurology, L ondon, UK) implemented in Matlab 5.3 (Mathworks Inc., Sherborn, M A) (Friston et al., 1994 (Friston et al., , 1995a . The scans from each subject were realigned, with the first image used as a reference. This generated an aligned set of images per subject and a mean image. The structural T1-weighted magnetic resonance image was coregistered to this mean PET image. After this, the co-registered T1 image was normalized into a standard stereotaxic space involving linear and nonlinear three-dimensional transformations. The parameters from this normalization process were then applied to each PET image. The PET images were reformatted to isometric voxels (2 ϫ 2 ϫ 2 mm 3 ). The normalized PET images were filtered with a Gaussian kernel of 10 mm (F W HM) in the x, y, and z axes.
After the appropriate design matrix was specified, the effects of condition and subject were estimated according to the general linear model at each and every voxel. Mean signal changes over the whole brain were removed by proportional scaling. To test the hypothesis on regionally specific condition effects, the estimates were compared by means of linear contrasts. To depict the areas activated by the effect of motor imagery, contrast imagery versus rest was used, with statistical significance of p Ͻ 0.01 corrected for multiple comparisons at cluster level over the entire volume in the brain analyzed. To identif y the neural substrates commonly activated by the effect of imagery and that of illusion, the following procedure was performed. First, we used the contrasts (imagery ϩ illusion) versus (rest ϩ vibration) to test the significant spatial extent of active fields in the whole brain. The corrected p values were also set at p Ͻ 0.01. Within these cortical areas, we exclusively masked regions that were specific to the effect of illusion or that of imagery, as defined by the contrasts (illusion vs vibration) versus (imagery vs rest) or the contrasts (imagery vs rest) versus (illusion vs vibration). The threshold for the mask was p Ͻ 0.05, uncorrected. Results of a conjunction analysis (Price and Friston, 1997 ) of (illusion vs vibration) and (imagery vs rest) ( p Ͻ 0.0001, uncorrected) showed the same activation patterns as the results of the present analysis.
After identification of the common areas, the mean percentage increase of PET data in illusion against rest was obtained from each region-of-interest in the primary sensory and motor cortices, C M A, SM A, PMD, and cerebellum. A region-of-interest was defined as a sphere with a 5 mm radius at the center of the peak voxel in each area. We calculated the correlation between mean percentage increase of PET data and the integrated amplitude of EMG activity in either the extensor or flexor muscles.
RESULTS

Psychophysical experiment
Subjects experienced illusory palmar flexion of the right wrist in the control condition (without motor imagery). This started ϳ4 sec after the onset of vibration and continued until the stimulus ended. When subjects imagined slow palmar flexion or dorsiflexion during vibration stimuli, the kinesthetic motor imagery significantly influenced the experienced illusory palmar flexion angles (Fig. 2b) in the absence of overt movements. Multi-way ANOVA showed significant interaction between conditions and vibration periods (F (4,72) ϭ 18.0; p Ͻ 0.001). When subjects imagined slow wrist dorsiflexion, the perceptual illusory angle of palmar flexion was significantly reduced when compared with the control condition (t ϭ 5.12; df ϭ 18; p Ͻ 0.001) (Fig. 2b) . Fields activated by motor imagery in sections from z ϩ46 to ϩ58 superimposed on the mean MRI of all subjects. When imagery was contrasted with rest, clusters in the contralateral (left) CMA, SMA, PMD, and intraparietal sulcus area extending into postcentral sulcus were significantly activated. Blue areas were the identical sections that were also significantly activated as the common field [(imagery ϩ illusion) vs (rest ϩ vibration)]. CMA, Cingulate motor area; SMA, supplementary motor area; PMD, dorsal premotor cortex. Figure 5 . Fields activated by motor imagery in sections from z ϩ18 to ϩ26. When imagery was contrasted with rest, the cluster in the left parietal operculum was significantly activated. There was no common active field active in this region.
However, when subjects imagined palmar flexion, the perceptual illusory angle of palmar flexion was significantly enhanced (t ϭ 3.15; df ϭ 18; p Ͻ 0.01) (Fig. 2b) .
The effects of palmar motor imagery on the experienced illusory angles of palmar flexion were significantly correlated with the scores on the CMI test, which evaluates the ability to reconstruct imaginary body postures. The higher the score on the CMI test, the greater the motor imagery influenced the illusory experience (r ϭ 0.67; n ϭ 19; p Ͻ 0.01).
Psychophysical features and EMG activity during PET
All subjects experienced vivid illusory palmar flexion during PET scanning when the tendons of the right wrist extensor muscle were vibrated at 83 Hz (illusion), but they had no reliable illusions at 12.5 Hz (vibration). The mean value of experienced illusory maximum angles (n ϭ 10) was 16.8°(range, 7.5-30°). The mean angular velocity of illusory palmar flexion (n ϭ 10) was 2.8°/sec (range, 1.2-9.3°/sec). The vibration stimuli elicited no actual movement. No EMG activity was observed in either wrist extensors or wrist flexors during the imagery and rest (control) conditions. However, EMG activity significantly increased in the extensor muscles in the illusion and vibration conditions when compared with rest (t ϭ 3.26, df ϭ 30, p Ͻ 0.005; t ϭ 2.41, df ϭ 30, p Ͻ 0.05) (Fig. 3) , although it was still at a very low level (maximum, ϳ14.8% that of actual wrist extension). There was no significant increase in EMG activity in the flexor muscles (agonistic muscles to illusory movement) in either the illusion or vibration conditions.
Patterns of rCBF in the entire brain Fields activated by motor imagery (imagery versus rest)
When rCBF during the imagery condition was compared with rest, three significant clusters were activated. One cluster was located in the contralateral (left) CMA, extending rostrally into the SMA and dorsally into the dorsal PMD (Fig. 4) . The second cluster was located in the parietal cortices and had two major peaks, one in the contralateral intraparietal sulcus area (Fig. 4) and another in the parietal operculum (Fig. 5) . The former cluster extended into the postcentral sulcus area. The third cluster was located in the ipsilateral (right) cerebellum (Fig. 6) . The cluster sizes and locations of the peak voxels in these active fields are summarized in Table 1 .
Fields commonly activated by motor imagery and kinesthetic illusion (imagery ϩ illusion vs rest ϩ vibration)
Neural substrates commonly activated by both the imagery (imagery vs rest) and the illusion (illusion vs vibration) effects were the contralateral CMA, extending dorsally into the SMA and PMD, and the ipsilateral intermediate part of the cerebellum. Fifty-four percent of the CMA cluster and 25% of the cerebellum cluster in imagery versus rest were identical sections that were significantly activated as common fields (Figs. 4, 6 ). The cluster sizes and locations of the peak voxels in these active fields are summarized in Table 2 .
Fields activated by kinesthetic illusion (illusion vs vibration)
In addition to the commonly active areas, the contralateral (left) SM1 was activated when illusion was contrasted with vibration. The mean percentage increase of rCBF for the illusion in the SM1 was not correlated with the integrated EMG activities in either the extensor (r ϭ Ϫ0.02) or flexor muscles (r ϭ Ϫ0.03).
DISCUSSION
The psychophysical experiment showed that motor imagery of the right wrist movement influenced kinesthetic sensation of illusory wrist movement in the absence of overt movement. This result shows that motor imagery involves a sensory simulation process. As we hypothesized, the kinesthetic sensation during motor imagery had to be internally generated because it was elicited neither by actual movements nor by any peripheral input. Furthermore, motor imagery of palmar flexion enhanced illusory palmar angle, and dorsiflexion imagery reduced the angle (Fig.  2b) . This result clearly excludes the possibility that motor imagery acted as an extra mental load that always reduces the illusory angle regardless of the directions of imagined movements. One may conclude that the internally simulated sensation during motor imagery was, most probably, the sensation expected when the wrist movement is actually executed.
The PET experiment provided a neurophysiological explanation for the psychophysical results. Fields in the left CMA, SMA, PMD, and the right cerebellum were commonly shared by motor imagery and kinesthetic illusion of wrist movements (Figs. 4, 6) . Eventually, the PET results, together with the psychophysical results, suggested that the kinesthetic sensation during mental simulation of movement (motor imagery) is an important factor in activating these motor-related areas. Figure 6 . Fields activated by motor imagery in right cerebellum (z Ϫ42 to Ϫ30). When imagery was contrasted with rest, the right cerebellum, presumably covering sections IV, Crus I, dentate nucleus, and lateral hemisphere, was activated. For the indication of blue areas, see Figure 4 .
Activation in the motor-related areas during motor imagery
The motor imagery of right wrist movements (imagery vs rest) significantly activated the contralateral (left) CMA, SMA, PMD, parietal cortices, and ipsilateral cerebellum, which are normally engaged in the actual execution of wrist movements (Ehrsson et al., 2000) . These areas were active in the absence of a significant increase in EMG activity in the related muscles (Fig. 3) . It is somehow uncertain whether motor imagery of a given limb or body part activates its corresponding somatotopical sections in the motor areas. However, the present finding fits well with the notion that motor imagery is a neural process of mental rehearsal of a movement by activating motor-related areas, which are normally engaged in the actual movement (Jeannerod, 1994; Stephan et al., 1995; Jueptner et al., 1997; Luft et al., 1998; Jeannerod and Frak, 1999; Lotze et al., 1999; Binkofski et al., 2000; Gerardin et al., 2000) .
We found activation only in the left motor areas during imagery, which are contralateral to the imagined wrist, whereas Gerardin et al. (2000) and Binkofski et al. (2000) demonstrated conspicuous bilateral cortical activations during motor imagery. However, the activation pattern shown by Binkofski et al. (2000) , who used similar tasks as the present study, was also left dominant. This tendency might have been accentuated in the present study by less sensitivity of PET than functional MRI (fMRI) (Binkofski et al., 2000; Gerardin et al., 2000) . The number of observations by PET is quite limited (ϳ10 per subject); hence there is less statistical power to detect subtle changes of brain activity than with fMRI. Actually by lowering the threshold, involvement of the right hemisphere emerged in the present study.
We can exclude a possibility that the subjects visually imagined wrist movements in the present imagery task, because visually imagined finger movements predominantly activated prefrontal and parietal areas, but not the CMA, SMA, PMD, or cerebellum (Deiber et al., 1998) . Indeed, prefrontal and parietal areas were predominantly active when the subjects imagined someone else performing a given action (third-person perspective) (Ruby and Decety, 2001) . Also, lack of prefrontal activation in the present study may also be attributable to differences in the task performed. In this study, the subjects imagined self-controlled continuous wrist movements rather than externally paced motor imagery (Stephan et al., 1995; Lotze et al., 1999; Gerardin et al., 2000; Thobois et al., 2000) . The subjects were clearly instructed to imagine doing the wrist movements at the same speed with experienced kinesthetic illusory movement (2.8°/sec on average across subjects; range, 1.2-9.3°/sec). Thus, we assume that the subjects imagined doing the movements by accessing kinesthetic memory. Recent studies have shown that the memory retrieval process activates a sensory-specific (visual or auditory) cortex (Nyberg et al., 2000; Wheeler et al., 2000; Gandhi, 2001) . Neural substrates involving the retrieval process of kinesthetic memory are unclear. However, the present study implies that motor areas could be associated with the process.
In the present study, we could not find any involvement of the SM1 in motor imagery. Because of the restricted spatial resolution of activation maps (PET data with spatial filtering of FWHM of 10 mm from a group of subjects), we cannot totally exclude the Number of subjects ϭ 10; CMA, cingulate motor area; SMA, supplementary motor area; PMD, dorsal premotor cortex, Cr, crus. The atlas of the human cerebellum was based on that of Schmahmann et al. (1999 Schmahmann et al. ( , 2000 . Coordinates are for the standard stereotaxic space (Talairach and Tournoux, 1988) as defined by the Montreal Neurological Institute. possibility that some of the activity observed in the PMD and postcentral sulcus area partly reflected activity from the adjacent SM1. However, no conspicuous cluster was observed on the central sulcus region (z coordinates from ϩ46 to ϩ58) (Fig. 4) , which was activated by actual wrist movements (Ehrsson et al., 2000) and by illusory wrist movements (Naito and Ehrsson, 2001 ). These two studies, together with Naito et al. (1999) , showed the possible involvement of SM1 (most probably cytoarchitectonic areas 4a, 4p, 3b, and 1) in sensorimotor tasks when active fields overlapped with the central sulcus region. Indeed, involvement of SM1 in motor imagery of hand movement is not consistent between tasks performed (Thobois et al., 2000) , and there is clear individual variability in SM1 involvement in motor imagery (Porro et al., 1996; Roth et al., 1996; Gerardin et al., 2000) .
Kinesthetic sensation and activation in the motor-related areas
Activations in the contralateral (left) CMA, SMA, PMD, and ipsilateral (right) cerebellum were shared by motor imagery and kinesthetic illusion (Figs. 4, 6) . It has been shown that motor imagery activated the contralateral CMA, SMA, PMD (Roland et al., 1980; Stephan et al., 1995; Lotze et al., 1999; Binkofski et al., 2000; Gerardin et al., 2000; Thobois et al., 2000) , and ipsilateral cerebellum (Decety et al., 1990; Jueptner et al., 1997; Luft et al., 1998; Lotze et al., 1999) , and some of the shared active fields in the present study are consistent with previous studies in which illusory arm or wrist movements activated the contralateral CMA, SMA, and PMD (Naito et al., 1999; Naito and Ehrsson, 2001 ). Naito and Ehrsson (2001) showed that the contralateral cortical motor areas were specifically activated by the tendon vibration with illusion (83 Hz). Frequency effects of vibration stimuli on the skin were found only in the sensory cortices but not in the motor areas (Harrington and Downs, 2001) , and hence the present activations in the cortical motor areas represent kinesthetic illusion. A novel finding in the present study was the involvement of the intermediate part of ipsilateral cerebellum in kinesthetic illusion (Fig. 6) . The cerebellum is believed to play an important role in human kinesthesia (Holmes, 1939; Grill et al., 1994; Haggard et al., 1994; Bastian et al., 1996) . Actual wrist movements activate the anterior part of the ipsilateral cerebellum (Ehrsson et al., 2000) . Passive arm movements also activate the human cerebellar hemisphere and vermis (Jueptner et al., 1997) , whereas cells in the monkey intermediate cerebellum are recruited by passive movements of the upper limb (van Kan et al., 1993) and wrist (Bauswein et al., 1983) .
The differences of activation patterns between kinesthetic illusion and motor imagery are the involvement of SM1 and parietal cortex. The SM1 was active only during illusion, whereas parietal cortex was activated only during imagery. Kinesthetic illusion is mainly elicited by the afferent inputs from the muscle spindles (Burke et al., 1976; Roll and Vedel, 1982; Roll et al., 1989) , whereas there were no peripheral afferent inputs during motor imagery. The SM1 is the cortical target to receive the afferent inputs in non-human primates (Lemon et al., 1976; Fetz et al., 1980; Strick and Preston, 1982; Colebatch et al., 1990) . The present activity of the SM1 during kinesthetic illusion may reflect the processing of the afferent inputs. This is corroborated with the finding that the mean percentage increase in PET data in the SM1 during illusion was not correlated with the integrated amplitude of EMG activity in either the extensor or flexor muscles. The subtle increase in EMG activity in the vibrated extensor muscles during illusion was most probably caused by neural circuits mediating the tonic vibration reflex in the spinal cord (Eklund and Hagbarth, 1966; Matthews, 1966) (Fig. 3) . In contrast, the parietal cortices are known to generate mental movement representations (Sirigu et al., 1996; Gerardin et al., 2000) . The subjects must internally program hand movements during motor imagery, whereas no intention of movement is required during kinesthetic illusion. Hence the parietal cortices were activated only during motor imagery.
It can be concluded that the shared motor fields are not exclusively activated by receiving muscle spindle afferent inputs, which mainly elicit kinesthetic illusion (Burke et al., 1976; Roll and Vedel, 1982; Gandevia, 1985; Roll et al., 1989; Collins and Prochazka, 1996) , because motor imagery with no peripheral inputs or minimal inputs, if any (Kasai et al., 1997) , also activated these motor areas. The self-controlled motor imagery (top-down information flow) and peripherally elicited kinesthetic illusion (bottom-up information flow) commonly reached the motor areas. This means that these motor areas may be activated by common functions shared by motor imagery and kinesthetic illusion. Because motor imagery psychophysically influenced the sensory experience of kinesthetic illusion, the activity in these motor areas may reflect experiencing the sensation of wrist movements.
There are several lines of evidence that motor areas participate in the sensory process. Passive arm movements activate the contralateral SMA (Weiller et al., 1996) . Electrical microstimulation in certain sites within the human SMA and CMA causes various types of movement sensations in limbs in the absence of overt movements, regardless of the stimulus intensity (Fried et al., 1991; Lim et al., 1994) .
The PET results, together with psychophysical results, are in agreement with the notion that "mental imagery reflects the effects of previous knowledge about the predicted sensory effects of the subject's own actions on sensory processing areas in the absence of sensory input" (Frith and Dolan, 1997) . This view has been generally supported by studies of the visual imagery effect on visual areas (Kosslyn et al., 1995 (Kosslyn et al., , 1997 (Kosslyn et al., , 1999 and may also be true in motor imagery. However, in the case of motor imagery, internally simulated sensory experience of movement recruits multiple motor areas.
